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1 
Changes in land-use and ecosystem services in the Guangzhou-Foshan 1 
Metropolitan Area, China from 1990 – 2010: Implications for sustainability 2 
under rapid urbanization 3 
 4 
Abstract 5 
Rapid urbanization is resulting in large-scale land-use conversion and the impact on ecosystem 6 
services value is a key issue for sustainability—particularly in China—a global urbanization 7 
hotspot. Impacts of land-use change on ecosystem services value in China have been varied, 8 
ranging from strong decreases to modest increases, suggesting that bespoke analyses are required 9 
to support local and regional planning for sustainability. We quantified land-use change and 10 
valued the impact on ecosystem services from 1990 – 2010 in the rapidly urbanizing Guangzhou-11 
Foshan Metropolitan Area, southern China. We quantified land-use change from Landsat satellite 12 
imagery and calculated the value of ecosystem services using the well-established unit-value 13 
transfer method. Over one quarter of the study area changed land-use between 1990 and 2010 14 
with Built-up, Orchard, and Waterbody land-uses expanding, and Cropland and Forestland 15 
contracting. However, the net decline in ecosystem services value was only 4.4% (US$201.5 16 
million). This modest overall decline masked more complex and extreme dynamics in the value 17 
of individual ecosystem services. Substantial declines in the value of gas regulation (US$115.4 18 
million, -28%) soil formation and retention (US$90.5 million, -16%), and climate regulation 19 
(US$44.6 million, -8%), while waste treatment (US$68.5 million, +10%) and recreation and 20 
culture (US$45.7 million, +12%) increased in value. Decision analysis is required to support 21 
land-use planning to ensure the sustainability of ecosystem services for the wellbeing of the 22 
people of Guangzhou-Foshan and other rapidly urbanizing areas in China and globally. 23 
 24 
Keywords: ecosystem services; land-use change; planning; sustainability; urbanization; 25 
Guangzhou-Foshan; China. 26 
  27 
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1 Introduction 28 
The global human population is becoming urbanized and cities are expanding at an 29 
unprecedented rate (Seto et al., 2013; Seto et al., 2016). The number of people living in cities has 30 
increased from 0.75 billion (29.6% of global population) in 1950 to 3.88 billion (53.6%) in 2014, 31 
with 6.34 billion (66.7%) projected by 2050 (United Nations Department of Economic and 32 
Social Affairs Population Division, 2015). Industrial development and demand for housing in 33 
cities has driven rapid conversion of surrounding land-use (Elmqvist et al., 2013; Yao et al., 34 
2014), resulting in the loss of key ecosystem services including food production (Deng, 2016; 35 
Poelmans and Van Rompaey, 2010); declines in native biodiversity (Eigenbrod et al., 2011; 36 
Güneralp et al., 2015; Güneralp and Seto, 2013; Zorrilla-Miras et al., 2014); and the pollution of 37 
air, water, and soil (Mendoza-Gonzalez et al., 2012). The impact of urbanization on ecosystem 38 
services has been quantified and valued for cities the world over (Baro et al., 2015; Cai et al., 39 
2017; Elmqvist et al., 2013; Estoque and Murayama, 2013, 2016; Güneralp et al., 2014; Hu et al., 40 
2013; Kreuter et al., 2001; Li et al., 2010; Liu et al., 2012; Long et al., 2014; Radford and James, 41 
2013; Su et al., 2014; Sudhira and Nagendra, 2014; Thiagarajah et al., 2015; Wu et al., 2013; Yi 42 
et al., 2017; Zank et al., 2016). Quantifying and valuing the impact of rapid urbanization on land-43 
use and ecosystem services is essential to inform urban planning (Estoque and Murayama, 2013) 44 
and economic decision-making (Bateman et al., 2013) for economically, environmentally, and 45 
socially sustainable urban development (Elmqvist et al., 2015; Gomez-Baggethun and Barton, 46 
2013; Haase et al., 2014). 47 
Urbanization and development in China, particularly since the 1978 Reform and Opening Policy, 48 
has been transformational. China’s urban population has increased from 64 million (11.8%) in 49 
1950 to 750 million (54.8%) in 2014 (National Bureau of Statistics of the People’s Republic of 50 
China, 2015), with 1.05 billion (76.1%) projected by 2050 (United Nations Department of 51 
Economic and Social Affairs Population Division, 2015). Previous assessments of the impacts of 52 
urbanization in China have varied, with most finding modest to significant declines in ecosystem 53 
services value. For example, Wu et al. (2013) found a total decrease of 24% (US$111.91 million) 54 
following urbanization in Hangzhou from 1978 to 2008, and Su et al. (2014) found a decrease of 55 
31% (US$214.86 million) in Shanghai from 1994 to 2006. After an initial increase in value, Li et 56 
al. (2010) found an overall decrease of 8% (US$34.16 million) in Shenzhen from 1996 to 2004. 57 
Some studies have found more extreme declines in ecosystem services such as Cai et al. (2013) 58 
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who found a 55.3% decline from 1989 to 2009 in Fuzhou City, while others have found virtually 59 
no change (Han et al., 2016), and some have found increases in value following recent land-use 60 
change and urbanization (Fang et al., 2014; Li and Ding, 2017). For example, Zeng et al. (2014) 61 
found an increase in ecosystem services value of 9.5% (US$729 million) from 1990 to 2009 in 62 
the Wuhan urban agglomeration in central China. The reasons for this variability are two-fold. 63 
First, in the context of rapid urbanization, multiple land-use changes occur simultaneously driven 64 
by multiple competing demands beyond urbanization including: agriculture and forestry 65 
production; infrastructure provision; amenity, tourism and recreation; and environmental 66 
remediation, reforestation, and conservation (Bryan and Crossman, 2013; Bryan et al., 2015; 67 
Marks, 2017). Second, ecosystem services impacts are highly dependent on the specific spatial 68 
arrangement of land-use change and local social-ecological context (Bryan, 2013; Liu et al., 69 
2007). Due to their highly nuanced and context-specific nature, the ability to generalize and 70 
apply the conclusions of these case studies to other cities is limited, and bespoke analyses of 71 
local urbanization dynamics are necessary to reliably inform planning and management for 72 
sustainability. 73 
While many methods are available for quantifying ecosystem services value under land-use 74 
change, the most popular in the Chinese context are the primary data or process-based method 75 
and the unit-value method (Jiang, 2017). Most of the studies cited above use the expert-derived 76 
unit-value transfer method originally developed by Costanza et al.(1997) and modified by Xie et 77 
al. (2003, 2008), specifying per-unit value coefficients to calculate the value of ecosystem 78 
services. The method usefully quantifies the relative supply of ecosystem services using land-use 79 
as a proxy, then assigns monetary values based on a standard, locally-tailored, set of value 80 
coefficients. In doing so, the valuation process provides a kind of multi-criteria method capable 81 
of integrating multiple disparate metrics into a single monetary unit which encompasses the 82 
relative importance of service-provision to society. The great utility of the unit-value transfer 83 
method is that it provides repeatable, comparable results across geographically heterogeneous 84 
urbanisation contexts and assessments of change over time. Given the high degree of context-85 
specific local variability in the impacts of rapid urbanization on land-use and ecosystem services 86 
value, this established and widely used method provides a consistent means by which to build 87 
knowledge over time via individual case studies. 88 
In this study, we quantified and valued the changes in land-use and ecosystem services in the 89 
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rapidly urbanizing Guangzhou-Foshan Metropolitan Area (GFMA) in southern China between 90 
1990 and 2010. Since 1978, industrialization and urbanization in the GFMA has led to it 91 
becoming one of the fastest developing and most dynamic regions on Earth. We mapped the 92 
spatial distribution of seven major land-use types using Landsat imagery at three snapshot dates: 93 
1990, 2000, and 2010. We assembled a matrix quantifying the value of nine ecosystem services 94 
from each land-use type based on value coefficients using the established unit-value transfer 95 
method (Costanza et al., 1997; Xie et al., 2003; Xie et al., 2008) and tailored these to the GFMA. 96 
We then quantified the impacts of land-use change on ecosystem services in terms of economic 97 
value and assessed the sensitivity of value estimates to uncertainty in value coefficients. Finally, 98 
we discuss the implications of changes in land-use and ecosystem services for planning in the 99 
context of rapid urbanization in China and globally. 100 
2 Methods 101 
2.1 Study area 102 
Guangzhou, the capital of Guangdong Province, is the largest city and the political, economic, 103 
and cultural center of southern China. Foshan is the third largest city in Guangdong Province and 104 
connects to Guangzhou to the west. Guangzhou and Foshan, with similar history and culture, 105 
constitute the GFMA. GFMA is located in the central part of the Pearl River Delta, which is one 106 
of the most productive economic areas in China, bordering on the South China Sea and adjacent 107 
to Hong Kong and Macao (Figure 1). It covers a total area of approximately 11,177.5 km2. It has 108 
a humid subtropical monsoon climate with an annual average temperature of 22.8 , an average 109 
relative humidity of 68%, and an annual average rainfall of 1600 mm. The urban population of 110 
the GFMA has increased from 6.7 million in 1990 (+50.2%) to 12.17 million in 2010 (+93.7%). 111 
The gross domestic product of the GFMA increased from US$16.6 billion in 1990 to US$242.26 112 
billion in 2010 (adjusted for inflation to 2010 dollars) (Statistics Bureau of Guangdong Province, 113 
1991-2011).  114 
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Figure 1. Location map of Guangzhou–Foshan Metropolitan Area, southern China. [Format: 2-116 
column] 117 
2.2 Data collection and land-use classification  118 
We extracted land-use data for the GFMA from three cloud-free 30m resolution Landsat 119 
Thematic Mapper images for 13 October 1990, 7 November 2000, and 30 December 2010. The 120 
images were geometrically corrected using the 1:100,000 National Standard Topographic 121 
Database with an Average Root Mean Square Error (RMSE) of less than 0.5 pixel. We classified 122 
the three images into seven land-use types based on the National Standard Land-Use 123 
Classification of China using supervised classification (Table 1, Figure 2). To enhance 124 
classification accuracy, local land-use maps and ground-truth survey were employed as 125 
references for visual interpretation. Through examining 100 randomly generated field sample 126 
sites, the overall accuracies for each map were higher than 85%. We then mapped and graphed 127 
land-use change for the three images and calculated a land-use transition matrix to quantify 128 




Table 1. Definition of land-use types. 132 
Types Definition 
Cropland Mainly rice paddy; dry land and irrigated crops including vegetables, soybean, sugarcane, 
peanut, cassava, and melon-fruits 
Forestland Evergreen broad-leaf forest including land under Natural Reserve and Forest Park 
protection, forest along roads and railways 
Orchard Intensive fruit and other Crop production including citrus, bananas, lychees and longans, 
tea and mulberry 
Waterbody Rivers, streams, lakes, reservoirs and fish ponds culturing fish, shrimps, prawns, crabs, and 
shell-fish 
Grassland Natural grass land and constructed grass land and meadow  
Built-up Land used for industrial, commercial, residential, and transportation uses 
Unused Lands unused or difficult to use, mainly includes the intertidal zone between flood and 




Figure 2. Examples of different land-use in the GFMA. (a) Cropland, planted with rice and 135 
pawpaw in Panyu District. (b) Forestland, evergreen broad-leaved forest in South China 136 
Agricultural University, Tianhe District. (c) Cropland, planted with vegetables in Panyu District. 137 
(d) Orchard, planted with lychees in Zengcheng District. (e and f) Waterbody, e is the river 138 
running through Huangpu District, f is a fish-pond in Panyu District. (g) Grassland in 139 
Zengcheng District. (h) Built-up, buildings in the Tianhe District. (i) Unused land, the intertidal 140 
zone of the Pear River Estuary in the Nansha District, most of which were enclosed for fish-141 
ponds (j) in recent years. [Format: 1.5-column] 142 
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2.3 Calculation of ecosystem services value 143 
2.3.1 Calculating the value of ecosystem services 144 
We used the ecosystem services classification and definition of TEEB (2010) and Xie et al. 145 
(2003) in China, with emphasis on nine services (Table 2). 146 




Food production  Food production is principally from managed agro-ecosystems, forest and freshwater systems. 
Raw material Natural systems provide a great diversity of materials for construction and fuel, notably oils and wood that 
our directly derived from wild or cultivated plants. 
Gas regulation Ecosystems (e.g. trees or other plants) play an important role in regulating air quality by removing pollutants 
from the atmosphere. 
Climate 
regulation 
Ecosystems regulate the global climate by storing greenhouse gases. The major greenhouse gas (CO2) is 
absorbed directly by water and indirectly (through photosynthesis) by vegetation, leading to storage in 
biomass and in soils as organic matter. 
Water supply Ecosystems play vital roles in the global hydrological cycle, contributing to water provision, regulation and 
purification. Vegetation, particularly forests, significantly influences the quantity and quality of water 
circulating in a watershed. 
Waste treatment Ecosystems such as wetlands filter both human and animal waste and act as a natural buffer to the 
surrounding environment.  
Soil formation 
and retention 
Vegetation cover provides a vital regulating service by preventing soil erosion and well-functioning 
ecosystems supply the soil with nutrients required to support plant growth. 
Biodiversity 
protection 
Natural habitats have a high number of species which provide multiple benefits including scientific, 
educational, recreational, spiritual and other values. 
Recreation and 
culture 
Cultural services refers to the aesthetic, spiritual, psychological and other benefits that humans obtain from 
contact with ecosystems. Recreation is one of the most prominent of the cultural services and includes the 
benefits people accrue from being in nature. 
 148 
We calculated value for each ecosystem service s in the set of nine services S (Table 2) in the 149 
GFMA for each land-use k in the set of seven land-use types K (Table 1). The value of ecosystem 150 
services ,s tESV  was calculated as the sum over all land-uses K, the area ak,t of each land-use k at 151 
time t, multiplied by the per-hectare value coefficient VCs,k of each ecosystem service s provided 152 
by each land-use type k, which is derived from a set of standardized value coefficients (Xie et al., 153 
2008), tailored to the study area and expressed in 2010 US$ ha-1 (Section 2.3.3) such that:  154 
, , , , ,s k t k t s k tESV a VC= ×  1
9 
Total ecosystem services value was then aggregated for each time period t, over all land-use 155 
types k, and all ecosystem services s: 156 
, ,t s k t
k s
ESV ESV=∑∑  2
2.3.2 Quantifying ecosystem services value coefficients for land-use types 157 
Xie et al. (2003, 2008) adapted the per-unit global ecosystem services values of Costanza et al. 158 
(1997) for China via a survey of experts in ecological and environmental sciences and ecosystem 159 
services (Jiang, 2017). The value coefficients (Table S1) represent the average relative value of 160 
nine ecosystem services produced by six major land-use types across China. The coefficient for 161 
the value of food production of cropland per hectare per year was set as the benchmark at 1.0 and 162 
all other coefficients were assigned relative to this based on expert judgment and experience 163 
across a range of Chinese environmental and social contexts. The Xie et al. (2003, 2008) 164 
coefficients and unit-value transfer method have been widely used to value ecosystem service 165 
provision in China (Hu et al., 2013; Jiang, 2017; Li et al., 2016; Li and Ding, 2017; Li et al., 166 
2010; Liang et al., 2017; Liu et al., 2012; Song and Deng, 2017; Wu et al., 2013; Xie et al., 167 
2017). 168 
However, the Xie et al. (2003, 2008) value coefficients are national-scale and significant 169 
divergence can occur at the local level (Ye and Dong, 2010). We tailored the value coefficients to 170 
local conditions in two main ways. First, our land-use categories did not align perfectly with 171 
those used by Xie et al. (2008) and coefficients were assigned based on similarity of land-use 172 
categories. For example, Forestland equates to Forest, and Unused equates to Barren land. 173 
Following Deng (2012), we assigned value coefficients to Built-up area (Table S2), from which 174 
we can see that Built-up mainly leads to the loss of ecosystem services value. Compared to 175 
China as a whole, Xie et al. (2005) calculated the biomass factor of Guangdong province to be 176 
1.4 which we adopted in this study due to the average crop production in the GFMA from 1990 177 
to 2010 (5,314 kg ha-1) being very similar to Guangdong province as a whole (5,311 kg ha-1) 178 
(Statistics Bureau of Guangdong Province, 1991-2011). We also added Orchard land-use and 179 
assigned the value coefficients of all services except food production as the average of 180 
Forestland and Grassland following Ye et al. (2015). To calculate the food production value 181 
coefficient for Orchard, we adjusted the Cropland value coefficient by the ratio of average fruit 182 
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yield (6,903 kg ha-1) to average grain yield (4,768 kg ha-1) in the GFMA during the study period. 183 
Second, the value coefficients were also tailored based on Net Primary Productivity (NPP) which 184 
reflects ecosystem function including services such as climate regulation and soil formation and 185 
retention. We adjusted the value coefficients of Forestland and Orchard using the experimental 186 
results of Fang et al. (2001), who calculated the total biomass of different tree types using a 187 
volume-derived method. We used the ratio of the NPP of each land-use type to the average NPP 188 
of all types of tree-based land-use to adjust the value coefficients of ecosystem services for 189 
Forestland and Orchard. Forestland was divided into woodland, shrub land, open woodland and 190 
other woodland by Fang et al. (2001), so we took the average value as the functional adjustment 191 
factor of Forestland. The functional adjustment factors were 1.015 and 0.940 for Forestland and 192 
Orchard, respectively (Table 3). The final, locally-adapted ecosystem services value coefficients 193 
are presented in Table 4. 194 
 195 
Table 3.  Functional adjustment of ecosystem services from Forestland and Orchard in the 196 
GFMA. 197 
Land-use Vegetation type Functional 
expression of NPPf  
Biomass 
(x) 
t ha-1  
Net Primary 
Productivity 








Forestland Woodland y=5.565x0.157 55.412 13.452 1.375  1.015 
 Shrubland 1/y=1.27/x1.196+0.056 13.145 10.747 1.098  
 Open woodland 1/y=1.27/x1.196+0.056 11.783 8.166 0.835  
 Other woodland y=0.336x+3.121 12.612 7.359 0.752  
Orchard Fruit, tea, mulberry, etc. Y=9.20 - 9.200 0.940  0.940 
 Mean   9.785  
 198 
  199 
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Table 4.  Locally-adapted value coefficients for ecosystem services per unit area of land-use type 200 
for the GFMA. 201 
Ecosystem services type Cropland Orchard  Forestland Waterbody Grassland Unused Built-up 
Food production  1.40 2.02 0.33 0.53 0.43 0.02 0.01 
Raw material 0.55 1.57 3.02 0.35 0.36 0.04 0.00 
Gas regulation 1.01 2.74 4.38 0.51 1.5 0.06 -2.42 
Climate regulation 1.36 2.65 4.13 2.06 1.56 0.13 0.00 
Water supply 1.08 2.64 4.15 18.77 1.52 0.07 -7.51 
Waste treatment 1.95 1.43 1.75 14.85 1.32 0.26 -2.46 
Soil formation and retention 2.06 2.94 4.08 0.41 2.24 0.17 0.02 
Biodiversity protection 1.43 3.00 4.58 3.43 1.87 0.4 0.34 
Recreation and culture 0.24 1.39 2.11 4.44 0.87 0.24 0.01 
Total  11.08 20.38 28.53 45.35 11.67 1.39 -12.01 
2.3.3 Assignment of ecosystem services value to land-uses 202 
We assigned per-unit values to ecosystem services provided by each land-use type in the GFMA 203 
by combining the locally-adapted value coefficients with the reference marketed service value of 204 
food production from Cropland per hectare. To calculate this reference value, we used the 205 
average price for grain in 2010 of 0.29 US$ kg-1 (Statistics Bureau of Guangdong Province, 206 
1991-2011) based on the average exchange rate of RMB to US$ in 2010 of 6.7695. Following 207 
Xie et al. (2003), we used the ratio of 1 / 7 to represent the proportion of food production value 208 
from Cropland contributed by natural capital, compared with other forms of capital. Thus, based 209 
on average yield per hectare, the ecosystem services value per hectare for the Cropland food 210 
production service in the GFMA was calculated as 219.79 US$ ha-1 (i.e. 5314×0.29/7). The per-211 
unit dollar values (Table S3) were then derived by multiplying the locally-adapted value 212 
coefficients in Table 4 by this reference value. 213 
2.4 Sensitivity analysis 214 
Another significant source of uncertainty in this study is the specification of the value 215 
coefficients. Hence, we tested the sensitivity of ecosystem services value to variation in the value 216 
coefficients. For each analysis, the coefficient of sensitivity (CSs,k,t), widely used in previous 217 
studies of ecosystem services value (e.g. Chuai et al., 2016; Kreuter et al., 2001; Li et al., 2010; 218 
Liu et al., 2012; Song and Deng, 2017; Wang and Sun, 2016; Wang et al., 2006; Zang et al., 219 
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2011; Zhang et al., 2017; Zhang et al., 2015b), was calculated as the percentage change in the 220 













We calculated the percentage change in ecosystem services value resulting from a ±50% change 222 
in the value coefficient for service s and land-use type k, at each time t. tksESV ,,  and tksVES ,,′ are 223 
the total ecosystem services value before and after the variation in individual value coefficient, 224 
respectively. ESVt is the total ecosystem services value in each time period t, tksVC ,,  and tksCV ,,′  225 
are the value coefficients before and after the ±50% change. The closer the value of tksCS ,,  is to 226 
zero, the less sensitive estimated ecosystem services value is considered to be to uncertainty in 227 
the value coefficients (Aschonitis et al., 2016).  228 
3 Results  229 
3.1 Land-use dynamics  230 
Over a quarter (25.7%) of the study area changed land-use type between 1990 and 2010 (Figure 231 
3, Figure 4). Cropland experienced the greatest decrease in area (-1,896 km2 -59.8%), followed 232 
by Forestland (-655 km2 -16.2%). Built-up showed the greatest increase (+1,142 km2233 
+64.2%), followed by Orchard (+659 km2 +110.2%) and Waterbody (+653 km2 42.7%). 234 
Land-use change accelerated noticeably between 2000 and 2010 (Figure 3). 235 
 236 
Figure 3. Land-use in the GFMA in 1990, 2000 and 2010. [Format: 1-column] 237 
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 238 
Figure 4. Spatial arrangement of land-use in the GFMA in 1990, 2000 and 2010. [Format: 1-239 
column] 240 
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The land-use transition matrix (Table 5, Table S4) shows that most converted Cropland went to 241 
Built-up, Waterbody and Orchard, whereas the lost Forestland was converted primarily to 242 
Orchard and Built-up. New Built-up areas occurred primarily on Cropland and Forestland, new 243 
Orchard areas occurred primarily in Forestland and Cropland areas, and new Waterbody areas, 244 
mainly fish ponds dug from Cropland, occurred primarily in former Cropland areas. 245 
Table 5. Land-use transitions in the GFMA between 1990 and 2010 (km2). 246 
Land-use 
type in 1990 
Land-use type in 2010 
Cropland Forestland Orchard Grassland Waterbody Built-up Unused Total 
Cropland 1,229.27 8.54 345.97 0.78 686.78 897.41 2.84 3,171.59 
Forestland 8.32 3,363.84 401.91 27.70 1.75 233.26 2.20 4,038.98 
Orchard 7.61 4.05 494.50 0.00 4.46 86.19 0.82 597.63 
Grassland 0.24 0.27 0.01 12.02 0.01 6.66 0.00 19.20 
Waterbody 26.04 0.88 8.24 8.48 1,481.06 2.73 0.19 1,527.62 
Built-up 3.15 5.43 4.58 64.97 5.81 1,695.71 0.14 1,779.79 
Unused 0.49 1.16 0.93 11.10 0.39 0.04 28.60 42.71 
Total 1,275.12 3,384.17 1,256.13 125.05 2,180.26 2,921.99 34.79 11,177.52 
 247 
3.2 Changes in ecosystem services value  248 
Total ecosystem services value decreased from US$4.632 billion in 1990, to US$4.572 billion in 249 
2000 (-1.3%) and US$4.430 billion in 2010 (-4.4%). However, this net figure belies the 250 
underlying dynamics in ecosystem services value experienced a total loss of ecosystem services 251 
value of 25.4% and a gain in value of 21.0% as a result of land-use change from 1990 to 2010. 252 
The most valuable ecosystem services were water supply, waste treatment, biodiversity 253 
protection and climate regulation. Gas regulation experienced the greatest decline in value 254 
(US$115.4 million, -27.6%) between 1990 and 2010. Soil formation and retention (US$90.5 255 
million, -16.2%) and climate regulation (US$44.6 million, -7.9%) also experienced significant 256 
declines. Conversely, waste treatment (US$68.5 million, +9.6%) and recreation and culture 257 
(US$45.7 million, +12.3%) experienced significant increases in value (Figure 5). 258 
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 259 
Figure 5. Value of individual ecosystem services in the GFMA in 1990, 2000 and 2010. [Format: 260 
2-column] 261 
In 1990, Forestland was the major contributor (US$2.533 billion) to ecosystem services value 262 
among the seven land-use types in the GFMA. Its value increased slightly by 2000, but then 263 
declined by 16% between 2000 and 2010 due to large-scale conversion to Orchard (402 km2) and 264 
Built-up (233 km2) (Table 5, Figure 6), with a substantial impact on biodiversity protection, gas 265 
regulation, water supply, climate regulation, and soil formation and retention (Figure 6). Next 266 
most valuable land-use in 1990 was Waterbody (US$1.523 billion), which increased by US$651 267 
million by 2010 with a strong impact on water supply and waste treatment. Ecosystem services 268 
value from Cropland were most highly impacted by land-use change, declining by US$462 269 
million (60%) between 1990 and 2010, with impacts to soil formation and retention, waste 270 
treatment, biodiversity protection, and food production. After a slight decrease between 1990 and 271 
2000, Orchard increased in ecosystem services value by US$295 million (+110%) between 2000 272 
and 2010. Built up land, increasing in area by 691 km2 (64%) between 1990 and 2000, generated 273 
increasingly negative ecosystem services value (US$302 million), particularly through impacts 274 
on water supply, waste treatment, and gas regulation (Figure 6).  275 
  276 
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 277 
Figure 6. Value of individual ecosystem services from land-use in the GFMA in 1990, 2000 and 278 
2010. [Format: 2-column] 279 
Ecosystem services value differed spatially over the study area. In the north and south of the 280 
study area, ecosystem services value was higher mainly due to the extent of Forestland. 281 
Ecosystem services value was low in the central part of GFMA mainly due to the expansion of 282 
Built-up land under rapid urbanization. Immediately surrounding the urban areas were areas of 283 
medium value Cropland, Waterbody, and Orchard (Figure 7, Figure 8).  284 
17 
 285 
Figure 7. Spatial distribution of total ecosystem services value per hectare in 1990, 2000, and 286 
2010 in the GFMA. [Format: 1-column] 287 
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 288 
Figure 8. Spatial distribution of individual ecosystem service value per hectare in 1990, 2000, 289 
and 2010 in the GFMA. [Format: 2-column] 290 
3.3 Sensitivity analysis  291 
For all land-use types and ecosystem services, average coefficients of sensitivity were close to 292 
zero, indicating that the estimated total ecosystem services value in the GFMA was relatively 293 
robust to uncertainty in the value coefficients (Kreuter et al., 2001; Liu et al., 2012) (Table 6). 294 
Highest sensitivities were the water supply and waste treatment services provided by Waterbody 295 
where for a single percentage point change in value coefficient, total ecosystem services value 296 
changed 17% and 13%, respectively.  297 
298 
19 
Table 6. The average coefficients of sensitivity (i.e. marginal % change in total ecosystem 299 
services for a 1% change in value coefficients) for ecosystem services values in the GFMA from 300 
1990 to 2010.  301 
Ecosystem services Cropland Orchard Forestland Waterbody Grassland Unused Built-up Average 
Food production  0.016 0.008 0.006 0.005 0.000 0.000 0.000 0.005 
Raw material 0.006 0.006 0.056 0.003 0.000 0.000 0.000 0.010 
Gas regulation 0.011 0.011 0.081 0.005 0.000 0.000 0.030 0.020 
Climate regulation 0.015 0.010 0.076 0.018 0.000 0.000 0.000 0.017 
Water supply 0.012 0.010 0.077 0.166 0.000 0.000 0.080 0.049 
Waste treatment 0.022 0.006 0.032 0.131 0.000 0.000 0.030 0.032 
Soil formation and retention 0.023 0.011 0.075 0.004 0.001 0.000 0.000 0.016 
Biodiversity protection 0.016 0.012 0.085 0.030 0.000 0.000 0.004 0.021 
Recreation and culture 0.003 0.005 0.039 0.039 0.000 0.000 0.000 0.012 
Average 0.014 0.009 0.059 0.045 0.000 0.000 0.016 0.020 
4 Discussion 302 
We have quantified land-use dynamics and the resultant effects on ecosystem services value in 303 
the rapidly developing GFMA from 1990 to 2010. More than a quarter of the study area changed 304 
land-use, leading to significant losses in the value of ecosystem services in some areas and 305 
significant gains in others, with a modest net decline of 4.4%. Most of this change occurred after 306 
2000. Urbanization converted Cropland and Forestland to Built-up. Significant change in non-307 
urban land-use also occurred including the conversion of Forestland and Cropland to Orchard, 308 
and Cropland to Waterbody. Highest ecosystem services values were provided by Forestland and 309 
Waterbody and included water supply, waste treatment, biodiversity protection and climate 310 
regulation. Greatest losses of ecosystem services value accrued to gas regulation, soil formation 311 
and retention, and climate regulation, while the greatest gains accrued to waste treatment and 312 
recreation and culture.  313 
4.1 Major drivers of land-use and ecosystem services value 314 
Rapid industrialization and urbanization were a major driver of land-use change in the GFMA. 315 
As one of the regions furthest advanced in implementing the Reform and Open Policy in China, 316 
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the GFMA experienced large-scale economic development, population growth and urban sprawl. 317 
The main reason for the increase in Waterbody is that the GFMA is home to the famous and 318 
highly-valued Mulberry Dike-Fish Pond (Guo and Situ, 2010)—an eco-agricultural land-use 319 
which provides multiple ecosystem services such as Biodiversity protection, Waste treatment, 320 
and Climate regulation. Significant measures have been undertaken to repair and restore disused 321 
fish ponds and build new fish ponds, particularly since 2000. Fish ponds also have greater direct 322 
economic benefits than Cropland which further motivates land-use conversion. In combination 323 
with increases in area, the high value coefficients for water supply and waste treatment 324 
associated with Waterbody (Table 4) have led to high ecosystem services value from this land-325 
use. Decreasing Forestland—the second highest value land-use per-unit area—has been driven 326 
by local government encouragement of farmers to clear forests and establish horticultural 327 
plantations in the GFMA, particularly since 2000. Common perceptions were that natural 328 
Forestland, which has high biomass and biodiversity, has little or no productive value, while 329 
Orchard has much higher productivity and can generate short-term profits.  330 
Our results of a modest overall decrease are consistent with previous studies of the impacts of 331 
urbanization and land-use change on ecosystem services value, which have ranged from 332 
substantial declines to moderate increases in value, with the vast majority typically reporting 333 
moderate declines.  The main reason for this decline in ecosystem services value is the 334 
conversion of natural and semi-natural land (e.g. Cropland, Forestland and Waterbody) to Built-335 
up land (Li et al., 2010; Liu et al., 2012; Su et al., 2014; Wu et al., 2013) which typically 336 
produces lower or negative services value. However, even in rapidly urbanising regions such as 337 
the GFMA, urbanization is just one of a number of land-use changes occurring simultaneously. 338 
In parallel with the expansion of built-up area, a range of other land-use changes were also 339 
occurring. These changes, including the large-scale conversion of cropland to high-value service-340 
providing land-uses of Waterbody and Orchard were driven by government policy. The 341 
conversion of lower-value land-uses such as cropland to high-value uses offset the negative 342 
impact of urbanization on ecosystem service values in the GFMA.  343 
4.2 Implications for planning for sustainable development 344 
Taking ecosystem services value into consideration is vital for enhancing land-use in strategic 345 
resource planning, and sustainable management in urban areas (Elmqvist et al., 2015; Haase et 346 
al., 2014; Wolff et al., 2015). The absolute decrease found in the value of ecosystem service 347 
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supply is an important finding as it indicates an overall decline in the sustainability of land-use 348 
and ecosystem services. However, changes in land-use result in complex impacts on ecosystem 349 
services value which are not adequately captured by aggregated sums of net change in value 350 
reported by many papers. Of greater importance to planning for sustainable development is the 351 
assessment of losses and gains in value for individual ecosystem services, the changes in which 352 
were much greater in magnitude than the modest net overall change of -4.4%. Given the ongoing 353 
trends of urbanization and socio-economic development in the GFMA, increasingly heavy 354 
pressure on natural and semi-natural ecosystems is expected and planning for the sustainability 355 
of ecosystem services in rapidly urbanizing areas should be prioritized (Wang and Sun, 2016).  356 
Decision-making and prioritisation for the management of ecosystem services involves many 357 
complex environmental, economic, and social considerations (Bennett and Chaplin-Kramer, 358 
2016; Costanza et al., 2017; Guerry et al., 2015). While decision science has not yet delivered 359 
clear methods for setting priorities for ecosystem services under land-use change, key to 360 
planning for ecosystem services is the specification of objectives (Martinez-Harms et al., 2015). 361 
Sustainability of ecosystem services must be considered as a key objective of planning under 362 
rapid urbanization. In the GFMA, a renewed land-use planning focus is required to ensure the 363 
sustainability of those services most adversely affected by rapid urbanization such as gas 364 
regulation, soil formation and retention, climate regulation, and to a lesser extent, food 365 
production and raw material services. To help arrest and reverse the unsustainable decline in 366 
these ecosystem services, planning should target the conservation of natural forest in high-367 
priority biodiversity areas and the protection of high-productivity cropland. This could be 368 
achieved via planning regulations and the establishment of local ecosystem services 369 
sustainability targets. Specific areas of land-use change can be targeted by methods from 370 
decision analysis. For example, triage (Pendleton et al., 2015) planning can allocate future land-371 
use that prioritise services displaying critical declines, with the unavoidable trade-off being 372 
reductions in those services that have shown recent increases in value. Spatial optimization 373 
algorithms which identify efficient land-use arrangements for the provision of ecosystem 374 
services (Bryan et al., 2011; Chuai et al., 2016; Zhang et al., 2015a). Decision theory can also 375 
help identify where and what land-use changes are required to meet ecosystem services 376 
sustainability targets (Bryan et al., 2010b; Chan et al., 2011) and minimize future risk to 377 
ecosystem services values (Liang et al., 2017). 378 
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4.3 Limitations 379 
Although widely used (Costanza et al., 2014; Jiang, 2017), several aspects of the unit-value 380 
transfer method of ecosystem services valuation have been criticized including the coarse scale 381 
and potential for double counting (Boyd and Banzhaf, 2007; Fu et al., 2011), and nonlinear 382 
nature of the system (Koch et al., 2009). In addition, while our assumption of time-invariant 383 
ecosystem service value coefficients enables us to compare marginal change over time, values 384 
are unlikely to remain constant in reality (Zank et al., 2016). Although we made a significant 385 
effort to tailor the value coefficients to our study area based on data, these remain generalized 386 
estimates and do not capture spatial heterogeneity of service provision within land-use types (Li 387 
et al., 2010) or the influence of environmental quality or fragmentation. In addition, at nearly 19 388 
and nearly 15 times the value of food production from Cropland, the water supply and waste 389 
treatment coefficients for Waterbody from Xie et al. (2008) are very high (Table S1) and this has 390 
influenced the results. Nonetheless, the method remains a useful way of integrating land-use 391 
impacts across multiple ecosystem services and for identifying marginal change in the supply of 392 
ecosystem services over time. 393 
The other limitation to this study is due to the uncertainty introduced into the calculation of land-394 
use change and ecosystem services valuation via the use of land-use as an ecosystem service 395 
proxy. Land-use has been identified as one of the most important drivers of ecosystem services 396 
provision and has been widely used as a proxy in mapping them due to the wide availability of 397 
data (Eigenbrod et al., 2010; Seppelt et al., 2011). However, land-use mapping error and spatial 398 
scale will affect the uncertainty in ecosystem services estimates (Dong et al., 2015), and the use 399 
of land-use data in proxy-based methods may not adequately reflect the actual distribution of 400 
ecosystem services (Eigenbrod et al., 2010). To increase the reliability of proxy-based methods, 401 
the use of high-resolution remotely-sensed imagery combined with field survey can enable 402 
higher resolution land-use and land cover mapping. The methods used also assume homogeneity 403 
in value of each ecosystem service provided by each land-use across the study area as the value 404 
coefficients are regionally-downscaled values. Rather, in reality, values will vary spatially. For 405 
example, the value of the water treatment service of an area of cropland adjacent to a waterbody 406 
will differ from one adjacent to forestland. This is a limitation of the methods that can be 407 
mitigated by integrating spatial models of biophysical and economic systems (Bryan and 408 
Crossman, 2013; Bryan et al., 2011) and the use of survey instruments for finer-scale economic 409 
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valuation of local service provision (Bryan et al., 2010a; Raymond et al., 2009).  410 
5 Conclusion 411 
We have quantified changes in land-use and ecosystem services resulting from rapid urbanization 412 
in the GFMA, southern China. Large areas of Cropland and Forestland were converted to urban 413 
areas in the GFMA, accelerating after 2000, as well as other simultaneous non-urban land-use 414 
changes. A net decrease in ecosystem services value of 4.4% (US$202 million) was found 415 
between 1990 and 2010. While this indicates a concerning trend in sustainability of ecosystem 416 
services from the study area, this modest overall decline masks significant complexity and 417 
dynamics in the value of individual ecosystem services that occurred as some services displayed 418 
substantial decreases in value while others rose substantially. This has important implications for 419 
planning for the sustainability of ecosystem services and the quality life of urban populations in a 420 
rapidly urbanizing world. Decision analysis is required to support planning to prioritize the 421 
spatial arrangement of land-use for the sustainability of ecosystem services, especially those 422 
most negatively impacted by urbanization such as gas regulation, soil formation and retention, 423 
and climate regulation. The GFMA is well-known as a frontier area of the Reform and Open 424 
Policy in China with a long history, and its development is a model of China’s urbanization 425 
process. Hence, the GFMA provides an excellent case study and the learnings from this 426 
assessment of the changes in land-use and ecosystem services value can be applied to other 427 
rapidly urbanizing and developing areas in China and globally.  428 
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